Partially purified, cell-free extracts from nodules of cowpea (Vigna unguiculata L. Walp. cv. Caloona) and soybean (Glycine mar L. Merr. cv. Bragg) showed high rates of de novo purine nucleotide and purine base synthesis. Activity increased with rates of nitrogen fixation and ureide export during development of cowpea plants; maximum rates (equivalent to 1.2 micromoles N2 per hour per gram fresh nodule) being similar to those of maximum nitrogen fixation (1-2 micromoles N2 per hour per gram fresh nodule). Extracts from actively fixing nodules of a symbiosis not producing ureides, Lupinus albus L. cv. Ultra, showed rates of de novo purine synthesis 0.1% to 0.5% those of cowpea and soybean. Most (70-90%) of the activity was associated with the particulate components of the nodule, but up to 50% was released from this fraction by osmotic shock. The accumulated end products with particulate fractions were inosine monophosphate and aminoimidazole carboxamide ribonucleotide. Further metabolism to purine bases and ureides was restricted to the soluble fraction of the nodule extract. High rates of inosine monophosphate synthesis were supported by glutamine as amide donor, lower rates (10-20%) by ammonia, and negligible rates with asparagine as substrate.
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The ureides, allantoin and allantoic acid, are formed as major products of nitrogen fixation in a wide range of tropical legumes (8, 14) . Studies with cell-free extracts of cowpea and soybean nodules have demonstrated that these compounds may be formed from oxidation of purine bases and nucleotides (2, 5, 22, 23) and that this activity is associated with the plant cell cytosol of the central, infected tissue of the nodule (5) . A pathway for de novo synthesis of purine nucleotides has been suggested (3) as the source of these purines with currently fixed nitrogen being utilized from the amino groups of glycine and aspartate and the amide group of glutamine. While [1 Clglycine supplied to nodule slices was more effectively metabolized to ureides than was [14Cjglucose or acetate (5) , consistent with an active purine pathway, the level of labeling was relatively low. Furthermore, of the eleven enzymes likely to be involved in purine biosynthesis (6) 2.7.6.1) and glutamine:PRPP amidotransferase (EC 2.4.2.14), have been detected in extracts of 'ureide-forming' legume nodules (15, 18) .
This study reports the assay of a complete pathway of de novo purine nucleotide and base synthesis in cell-free extracts ofnodules from cowpea and soybean.
MATERIALS AND METHODS
Chemicals. Radioactive substrates ([I-14Cjglycine, [3-"4C] serine, [U-_4C] serine, [8-14C] IMP, and NaH14CO3) were purchased from Amersham (Aust.) Pty. Ltd. The labeled glycine and serine were purified prior to use (13) . Nonradioactive amino acids, PEP, glucose 6-P, purine bases, nucleosides, nucleotides, creatine phosphate, creatine phosphokinase, and pyruvate kinase (type III) were obtained from Sigma; PRPP from P-L Biochemicals Inc. as the sodium salt (approx. 70% PRPP); and AICAR from Boehringer (Aust.). Ion-pair reagents (1-heptane sulfonic acid and tetrabutyl ammonium hydroxide) were supplied by Eastman Chemical Co. or Ajax Chemicals (Aust.). PEG 4000 was obtained from BDH (Aust.) and was not purified before use. 5, 10-Methenyl THF was synthesized from dl-L-THF (Sigma grade III) (22) including CAIR, to yield glycine (15) . Excess perchlorate was removed as above.
Labeling of purine pathway intermediates was also assessed in the same reaction mixture as above but containing unlabeled glycine and KH"4CO3 (1 mM, 1 ,uCi 14C) or with formate and methenyl-THF replaced with 13-'4C]serine (0.1 mm, 1 ,uCi 14C), THF (1.5 mM), and NADP (1.5 mM).
Other Assays. Metabolism of [8-14C] Labeled amino acids were separated from purines and purine pathway intermediates with an amino acid analyzer operated in the 'physiological fluids' mode with lithium buffers and assayed in the column effluent with a flow-through scintillation spectrometer (Coruflow, Tracerlab). The efficiency of the flow cell was determined using "4C-labeled standards of glycine and serine.
RESULTS AND DISCUSSION
Nodule extracts, passed through a French press, and thus including proteins of both the soluble and particulate components to form the intermediates of purine synthesis, FGAR and AICAR, the initial purine nucleotide of the pathway, IMP, and purine bases, principally hypoxanthine (Fig. 1) . The duplicate data points shown in Figure I are values from two separate experiments. The kinetic labeling pattern indicated a possible order of "C transfer of glycine to FGAR, AICAR, IMP, and purine bases (Fig. 1) consistent with the position of these intermediates in the pathway of de novo purine synthesis found in animal tissues (6, 17) . The disappearance of labeled glycine with time was accounted for by the '4C content of the recovered compounds (Fig. 1) indicating negligible metabolism of the carboxyl carbon of glycine by reactions outside the purine pathway. Accumulation of FGAR and AICAR indicated rate-limiting steps at the levels of FGAR amidotransferase (EC 6.3.5.3.) and AICAR transformylase (EC 2.1.2.2). Further metabolism of hypoxanthine to ureides would have required the addition of NAD (2) .
Identification of FGAR was based on the chromatographic mobility of authentic [14CJFGAR with similar ion-pair reversephase separations used in a previous study (17) and the quantitative recovery of 14C as glycine following acid hydrolysis of the FGAR peak from the HPLC. IMP and AICAR were likewise identified by their co-chromatography with authentic compounds and with their basic products following acid hydrolysis. The product of IMP hydrolysis, hypoxanthine, was identified using both ion pair and ion suppression HPLC.
Fractionating nodule extracts into soluble and particulate components showed that most of the purine synthesis activity was associated with the particulate fraction. Figure 2 shows the products of [1-_4C] glycine metabolism for the two fractions from soybean nodules, but similar results were obtained for cowpea (Fig.  3) . IMP was formed as one of the end products in this case (Fig.  2) , with further metabolism of the nucleotide to form purine bases, a property of the soluble fraction (Table I) . While some breakdown of IMP to inosine was found using the particulate preparation, negligible hypoxanthine was formed in the absence of the soluble extract (Table I) (Fig. 3A) . After a long period of time, glycine metabolism was inhibited, presumably because of the unfavorable supply of ATP or possibly PRPP to the component reactions. Thus, the relatively low rates of purine synthesis, consistently found in using soluble fractions from both cowpea (Fig. 3A) and soybean ( Fig. 2) nodules, during the initial 15 min of reaction at least, probably reflected the level of pathway activity present in these fractions. The soluble activity, which was between 14 and 28% of that found associated with the particulate components, could have been derived from the plant cytosol or from some breakage of the particulate components at the initial tissue disruption. Subjecting the particulate fraction to osmotic shock by resuspension in a medium without sucrose prior to passage through the French press released considerable purine synthetic activity (Table II) fraction which enclosed the purine enzymes. This suggests that the soluble activity was at least in part due to contamination with enzymes released from the particulate components of the nodule. Particulate fractions prepared in this manner contained marker enzymes for proplastids, mitochondria, and microbodies as well as for bacteroids (5) (7, 21) , and these could contain different complements of enzymic activities and show differential sensitivity of osmotic shock (20) .
The end products of purine synthesis by the particulate fraction (IMP + AICAR) were also readily labeled using ( Fig. 4A) IMP and AICAR were also readily labeled using H14C03 and the particulate fraction (Fig. 4B) . Labeled FGAR was however, not detected, consistent with a carboxylation reaction distal to steps incorporating carbon from glycine and 'activated C1' in the purine ring. The probable site of HC03-incorporation was the carboxylation of AIR to form CAIR, as in avian liver (6, 17) .
Glutamine and ammonia were equally effective in supporting glycine incorporation by the purine pathway in particulate fractions from nodules (Table III) . While glutamine provided a high rate of [14C]IMP accumulation with ammonia, a relatively low rate of IMP synthesis resulted and most of the labeled glycine was recovered as FGAR (Table III) . Presumably, under the assay conditions used, the first amidotransferase of the purine pathway (PRPP:amidotransferase) but not the second (FGAR: amidotransferase), was able to utilize glutamine and ammonia equally. The very low level of metabolism with asparagine as amide donor (Table III) indicated that this amide was not readily utilized in purine synthesis in nodules, although in some plant tissues asparagine has proved a superior substrate to glutamine for PRPP:amidotransferase (10) .
The specific activity of the de novo purine pathway in the particulate fractions of extracts from the primary root nodules of cowpea increased with nodule development roughly parallel to increasing rates of nitrogen fixation (Fig. 5) . While the peak levels of xylem-borne ureides occurred at a time when rates of purine synthesis were relatively low (Fig. 5) , the total amount of ureide nitrogen formed and exported at this time was also low, and presumably did not increase markedly until 30 d or more when rates ofnitrogen fixation increased markedly. By this time, nodules exhibited high rates of purine synthesis. The maximum rate of purine synthesis found in the particulate fraction of cowpea nodules was approximately 0.6 ,tmol/h -g fresh nodule tissue (Fig.  5) or equivalent to 1.2 ,umol N2/h.g. These rates were similar to those of ureide production by comparable nodules during the period of maximum nitrogen fLxation (equivalent to 1-2 ,imol N2/ h .g fresh nodule tissue) in cowpea plants (2) . Nodules of Lupinus albus, which export asparagine as the major product of nitrogen fixation (4) in nodules as products of nitrogenase activity (ammonia, glutamine, glycine, serine, and aspartate), coupled with the capacity of the plant cell cytosol fraction to metabolize IMP and XMP to form allantoin (2, 23, 24) , strongly indicates that purine synthesis followed by oxidation is the mechanism for high rates of ureide formation in cowpea and soybean nodules. A clear understanding of the relationship between purine synthesis and nitrogen fixation will require a closer definition of the cellular location of the metabolism described in this report and of the nature of the nitrogenous substrates utilized, especially for the amidotransferase steps. Although '5N2 reduction by intact nodules to form labeled ureide (8, 12) has demonstrated that currently assimilated nitrogen is used in the synthesis of these molecules, implication of the purine pathway in their formation, though compelling, remains circumstantial. More direct proof will require '5N or '3N labeling of purine pathway intermediates using molecular nitrogen.
